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SUMMARY

Inviscid static and dynamic stability parameters are obtained for a family of blunted 45
degree half angle cones at Mach 10 for both ideal gas and equilibrium air flows. The results
are obtained by utilization of the General Electric Flow Field Computer Programs which use
appropriate numerical methods to determine both steady and unsteady inviscid flow fields.

The following numerical results are obtained:

a. Dynamic stability coefficient, CMq + CMc’v’ as a function of RN/Rp and Xog

b. Static stability coefficient, CMa’ as a function of RN/RB and xcg'

c. Normal force coefficient slope, CNa’ as a function of RN/RB.
- » s d .
d. Normal force coefficient, CNq + CNo'z’ as a function of RN/RB an Xcg

e. Axial force coefficient at zero angle of attack, (Ca), - 0» asa function of RN/RB.

f. Ratio of center of pressure location to cone base diameter, ch/d’ as a function of
g. Bow shock wave shape and position.
. _ .0 o] 0 0
h.  (1/Py,) P, =1/Py, (3 P/30)q = ¢ as a function of s/Ry for ¢ =07, 307, 60", 90,
where Py is model stagnation pressure, P is model surface pressure, ¢ is azi-

muthal angle and s is distance measured along model surface from forward point
on the axis of symmetry.

i. Cone surface pressure, (P/P;c 2), as a function of s/RN.

For the real gas case, the shock layer flow downstream of the sonic line on the sphere is

everywhere supersonic, and no difficulty was encountered in the computations.

For the ideal gas case, there exists a subsonic layer near the conical part of the body surface
where the flow is otherwise generally supersonic. The approximation made in Section 3
enabled the completion of the computation for this case. The effect of the approximation is
found to be significant for bodies of large bluntness ratios but is negligible for bodies of

small bluntness ratios.

v/vi



| ' NOMENCLATURE

1 a,b = v coefficients

o 5 9
A = cone reference area, nd /4, ft
C = axial force coefficient, axial force
CM = pitching moment coefficient,

moment about cone center of rotation (Xcg)

q Ad
Cym o - acm/aa per radian
d . .
‘ C + C = dC /3(9-—) + 3C_/3(@d/u ) per radian
- mq m., m Uy m ©
C = ‘normal force coefficient, normal force
N qu
Cy = aCN/Ba , per radian
o
u 3C acC
® N N .
= — +
CN + CN- 3 3q > , per radian
q o
op
d of d
CO Speed of sound, (ap)s
D Material derivative
Dt i iv
d Base diameter, ft
di Differential distance along Mach lines
2 oP
o 3s
p
FN Normal force
h Enthalpy
L Reference length,‘ body length, ft
M Mach number
n Order of derivative of angle of attack or pitch velocity being considered
n Unit inward vector normal to the surface indicated by its subscript
P Pressure, lb/ft2
Pt, Model stagnation pressure, Ib/ftz

vii




q Pitch rate
q Free stream dynamic pressure
R Gas constant
RB Radius of cone base
RN Radius of cone nose
S Distance measured along surface from forward point (nose tip) on s axis
of symmetry
S Entropy
t Time
T Temperature
u, Vv, W Compenents of V in the x, r, and ¢ directions
\'4 Magnitude of velocity in meridional plane
v Fluid velocity relative to the body fixed coordinate system "
X, T, © Coordinate directions
5T, Unit vectors in the coordinate directions
X, ¥, 2 Coordinate directions
X, ’ " Distance from X, ¥, z origin to center of spherical nose
XV, 2 Unit vectors in the coordinate directions
7z Compressibility factor
o . Angle of attack
Y Ideal gas ratio of specific heats E
2
. PC _o (22
Y P Plap]/g
v Gradient operator
H An indicator which is defined to be § =1 for the axisymmetric case and § =0

for the two-dimensional case

0 Flow direction

viii
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m Mach angle

) [o} | Density
3 Fi) Stream function
?) Angular velocity of the body
o Shock angle
Subscripts
B‘ Body surface
cg Center of gravity (center of rotation)

j This subscript indicates whether the perturbation is caused by angle of attack
( =1) or pitch rate (j =2) :

n This subscript indicates the order of derivative of angle of attack or pitch

- velocity being considered

N Normal to shock, nose

0 ) Zero yaw

S Isentropic process‘

s Immediately downstream of shock wave
3 . ® Free stream

1 Perturbations due to @ and its Vderiva'tives
2 Perturbations due to q and its derivatiizes

Sy
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SECTION 1
INTRODUC TION

The work reported herein was performed by the General Electric Company Re-entry

Systems Department, Philadelphia, Pa., under Jet Propulsion Laboratory Contract No.

951647 ~ supplement. The author wishes to acknowledge Mr. Charles Kyriss for his
active interest and many valuable suggestions, and Mr. P. C. Townsend for preparing

the tables and graphs.

y 1.1 STUDY OBJECTIVE

The objective of this study is to determine the static and dynamic stability parameters

= for a family of blunted 45 degree half angle cone bodies at two free stream conditions.

1.2 STUDY CONFIGURATIONS AND FREE STREAM CONDITIONS

The configurations being considered are 45 degree half angle sphere-cones with nose-to-base
radius ratios (RN/RB) of 0, 0.25, 0.50, 0.75, and 1. 00. (See Figure 1-1.) The two free

stream conditions are as follows:

a. Ideal gas (v = 1.4)

Base diameter = 5.5 inches

M =10
[>e]
u = 4080 ft/sec
Q0
p = 2.68x10 T 1b />
0 m
P_ = 4.65x 1074 atmosphere

b. Real gas (air in chemical equilibrium)

Base diameter = 2.0 inches

u = 10820 ft/sec

o0

1-1




0= HH/NH—\

3
0.74713 x 10'4 lbm/ft

0.91764 x 10_4 atmosphere

oS?

7
\5/ (RN/RB-‘-I.O)
7

-t

1.33 Re >

(Ry /Ry = 0.75)

2-RN

(RN/RB = 0. 50)

X

(Ry/Rp = 0.25)

By

Figure 1-1.

Study Configurations

s
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The coordinate system used in this report is shown in Figure 1-2.

Figure 1-2. The Spherical Coordinates System
and the Angle-of-Attack

1-3



SECTION 2
TECHNICAL APPROACH

The methods used in this report are analytical in nature. Mathematical models are
constructed to represent both steady and unsteady state flow fields. The governing
equations and boundary conditions are solved by computer, using appropriate numerical
methods. In this section, the equations and boundary conditions as well as the assumptions
for both steady and unsteady state flow conditions will be discussed briefly. References are

given for more detailed descriptions.

2.1 THE ZERO YAW STEADY STATE SOLUTION

The purpose of this analysis is to generate the drag coefficients and to pave the way for the
unsteady part of the problem., The solution is obtained by means of the GE Flow Field
Program which is capable of both real and ideal gas computations in shock layers surround-
ing a variety of axisymmetric and two-dimensional bodies. It is a numerical solution of the
laws of conservation of mass, momentum, and energy. (Here the viscous effect is not

considered and adiabatic flow is assumed):

Ve V) =0 : (2-1)
- - 1

VeV Tp =0 (2-2)
VeVS = 0 (2-3)

and the state relations:

ZRT (2-4)

o R el
i

S, T) | (2-5)

n
I
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Z =27Z@,T),Z = (P, S) ; (2-6)

P=p (p, 8) 2-7)
and

h = h (o, S) | @-8) %
The last five of these relations are in tabular form, for air treated as a real gas in }
chemical equilibrium. .

|

The GE solution also uses a parameter ¥* (Reference 1), where y* is defined as: -

yh = %(g_:i)s (2-9)

and is computed as a function of S and p, using the expression:

v =2 4 p (2-10)

2
p

The coefficients a and b are tabulated as functions of entropy and pressure. All thermo-
dynamic properties were originally taken from References 2, 3, 4. Tables were 3
reorganized and stored on computer tape by Stamm (Reference 5) and Edsall (Reference 6).

Empirical fits and table interpolation schemes are accurate to within 1 percent of the data

being represented,

If an ideal gas calculation is desired, Z becomes unity, v* becomes the ratio of specific
heats*, and the real gas relations (Equations 2-3, 2-7, and 2~8) are reduced to several ideal

gas relations:

*For an ideal gas a = 0 and b = the ratio of specific heats
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PP L. constant along streamlines (2-11)

1.2 Y
= +
ZV y=-1

©d

= constant (2-12)

The boundary conditions imposed on the problem consist of the free stream conditions
upstream of the shock wave*, and the condition that no mass flows through the body surface.
Since the mathematical character of the governing equations is different on opposite sides of
the sonic line, the solution is carried out in a different way in the transonic and supersonic

regions of the shock layer. The solution in both regions is carried out on a GE 635 computer.

2.2 THE TRANSONIC REGION

The computation for a blunt body is started in the transonic region, which includes the sonic
line and a small part of the shock layer on each side of the sonic line, A coordinate grid of
streamlines and the lines normal to them is used. The solution is a direct one (Reference 1).
It is started by making an initial estimate of the shock shape and of the pressure distribution
at the body surface. The location of a streamline a small distance from this body is then
computed (as well as the value of the flow field variables on it) to satisfy the governing
equations. This process of stepping to the next streamline is repeated until a new shock
wave, which satisfies the conservation of mass law, is reached. The shape of this new
shock wave, as well as the pressures just downstream of it, are compared with the shape
and corresponding pressures for the initial estimate. New estimates of shock shape and
body pressure distribution are based on this comparison and on a general inspection of the
results obtained in the entire transonic region. This iterative cycle is repeated until the
estimates and computed values agree closely. It is usually possible to obtain pressure
downstream of the estimated and computed shock waves to agree within 3 percent, and to

get the estimated and computed shock waves to coincide within 0. 004 of the body radius of

curvature at the stagnation point. At each step of the iteration, the choice of a new estimate

*Applied through the Rankine-Hugoniot relations
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of shock shape and body pressure distribution is made by the operator; all other iterative
cycles are automatic. Detailed discussion and a guide to converging the zero yaw transonic

solution is given in Reference 7.

2.3 THE POINTED CONE SOLUTION

When a flow field solution is needed for a pointed body, the supersonic program provides it.
However, the supersohic program requires a solution along a starting line. This starting
solution is obtained by approximating a small portion of the nose of the pointed body by a
pointed cone. The solution for a pointed cone is then obtained by the method of Taylor and
Maccoll (Reference 8), modified to provide a real gas solution, if desired. This solution
“has been included in a single computer program with the unsteady solution for the pointed

cone, A detailed derivation of this solution appears in References 9 and 10.

2.4 THE SUPERSONIC REGION

The steady-state solution in the supersonic region is carried out by the method of character-
istics for both pointed and blunt bodies. Three basic directions are used: the flow direction
(constant ¢, constant S) and the directions of the Mach lines. The angles between the Mach

lines and the flow direction are:

o= sm“l(%/[) (2-13)

The Mach lines are the characteristics (in the mathematical sense) of the continuity and

momentum equations. Changes along these lines are defined by:

_c_o; %15 =0 (2-14)
pV

=%
H o

+=sinp 8in6 +

where

2-4




D
I

the flow angle measured from the axial.

=
i

the distance measured along a characteristic.

The + and - signs apply to the left and right Mach lines, respectively.

In addition to Equation (2-14), the equation of state, the condition of constant total energy,

¢!

and the condition of isentropic flow along streamlines must be satisfied. The numerical
solution is started from a line along which the solution has previously been computed by

either the transonic or pointed cone program. References 1 and 11 give detailed discussions.

2.5 THE UNSTEADY FLOW FIELD SOLUTIONS

To obtain both the static and dynamic stability parameters, the unsteady flow field must be
analyzed. In this analysis, the equations and boundary conditions are described in body

fixed coordinates. The equations become

%g-}-v.(pV):O (2-15)
WV . . oL P8 v 7,48
at+(V )V+p— e —Qchg+rx :
+ (Qx;) xQ-2 OQx {;) : (2-16)
‘‘‘‘‘ oS
ot = 0 (2-17)

-

where ch (t) is the linear velocity of the center of gravity and  (t) is the rotational velocity.

The thermodynamic state relations are the same as Equations (2-4) to (2-10).

]
1
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The boundary condition on the body surface is that the normal component of the velocity

vector is zero, i.e.

Ven, =0 (2-18)

The boundary conditions downstream of the shock are obtained through Rankine-

Hugoniot relations.

Since the steady state solution of the problem has been obtained in the previous sections,
the unsteady effects are evaluated by the method of small perturbation. To do so, the flow
field parameters are expressed by the sum of the value it has in the zero yaw steady state
case plus contributions proportional to angle of attack o, pitch rate q, and their time

derivatives. Using pressure P as an example:

2
L\ L\ .
=P + + — — +.e.
P P0 [Plooz Pll(u >a+P12(u ) o
(=] o0
Zeg) (L |
+ - —J]qg+... 2-
(PZO P10 L)(u )q }cos(b ‘ (2-19)
o0
where
xcg = location of center of gravity
L = reference length
u = free stream velocity
o0
? = meridional angle.

2-6
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1 Substitution of this equation (and similar expressions for the remaining flow field variables)

into the governing equations (2-1) to (2-4), yields:

a V - - - ) VP- VPO —
+ e V)V + Y + - = F ; j=1,2
St Vs DV (Ve DV ke = F =1,
0 PO

(2-20)

L 9s., -

—L+V VS +V VS =0
ot o j j o}

P =Czp_+eZS,;
o j o j

where

C = speed of sound and eo2 = (@P/3 S)p

(.

z da 5o

u u u -

—p - - -4 - dq
9 X4 -2 % X4
(Voxz)qL L qy+(rxz)L at

»3=2

The effect of the unsteady motion of the body on the flow field variables is obtained through a
numerical solution of these equations. The static and dynamic stability coefficients are
obtained by integrating the appropriate pressure derivatives (P 10° 3P/du, ete.) over the

body surface. Detailed discussion can be found in References 7 and 12,

2-7/8
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SECTION 3
DIFFICULTY ENCOUNTERED

During the course of computation, one difficulty was encountered. For the case of a
blunted cone, the transonic flow field as described in Section 2. 2 was calculated first.

For both the ideal and the real gas, the supersonic flow started on the spherical portion

of the body. The calculation was then carried on by the supersonic program as discussed
in Section 2.4, However when the flow reached the conical portion of the body, the flow
was being compressed slightly, whereas on the spherical portion, the fluid was being
expanded. The Mach number decreased slightly and then approached a constant value.

In the real gas case, even though the Mach number decreased, the flow remained super-
sonic. In other words, in the real gas case, the flow remained supersonic everywhere once
it became supersonic. However in the ideal gas case, when the Mach number decreased,
the flow near the body became subsonic. That is, in the ideal gas case, there existed a
subsonic layer near the body in the otherwise generally supersonic region. It is known
that the method of characteristic discussed in Section 2.4 fails when there is subsonic
flow in the region. It is noted here that this situation does not happen when one deals with
vehicles of small cone angle since the compression effect is less. One might hope that a
higher free stream Mach number may raise the Mach number near the body so that the
flow will not become subsonic. The author has examined this phenomenon and found that it
exists up to M = 20. According to Reference 13, the flow patterns remain generally the
same for a certain cone shape at high Mach numbers. Therefore, it may be concluded

that for a 45-degree half angle cone this phenomenon exists at all Mach numbers.

3.1 APPROXIMATION

To overcome this obstacle without significantly altering the method of calculation, it was
decided to adjust the boundary condition slightly in the supersonic flow region such that

the Mach number would remain greater than unity. Since the result of the transonic solution
is used as the boundary condition of the supersonic calculation, an adjustment on its pro-

perties will alter the Mach number in the field. In this case, it was decided to raise the

3-1
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density distribution by 3.5 percent, while keeping the rest of the properties (pressure,
velocity vector,etc.), the same. The ideal gas case result presented in Section 4 was
obtained by using this approximation. The error is estimated in the next section. This

approximation was not needed in the real gas case.

3.2 ESTIMATED ERROR

To estimate the error generated by using the above approximation, the following calcula-
tions were performed. Since the real gas case was calculated without using this approxi-
mation, the results of this case were compared with the additional result obtained by
purposely using the approximation in the real gas case. It is found that the error is
significant for a short body, while very insignificant for a comparatively longer body.
The following table gives the error due to this approximation with respect to the static

and the dynamic stability coefficients.

Table 3-1. Estimates of Error in Ideal Gas Aerodynamic Coefficients

[T

Percentage Error
Coefficient | CEteT Of N, 1 N 0.75 N 0.5 N 0.25 N 0 .
Rotation | R_ R, R_ R_ R, i
B B B B B
CA +6, 2 +3.35 +1, 87 0 0
C
Na +11 +9.9 +4, 05 +1. 27 0
CM Nose Tip -9.1 -8.4 -1.9 -0.5 0
o Basge -6.0 ~-7.35 +2,17 +1,48 0
CN + CN Nose Tip { +21 +9,3 +4, 88 +0, 95 0
o q | Base +32. 8 +8.8 +5, 75 +0.6 0
CM + CM Nose Tip { -20 -7.8 -4,1 -0.65 0
o q | Base -34.5 -4,73 -6.75 -0, 95 0

3-2




SECTION 4
NUMERICAL RESULTS

In this section, the numerical results of the computations for the two cases described in
Section 1 are presented. The methods used to generate these results were discussed in
Sectionyz. An approximation was made when a difficulty was encountered in computing the
ideal gas case. The error was estimated in Section 3. Since the error was found significant
for large bluntness ratio configurations, comparison between the ideal and the real gas cases

will be made only for configurations of small bluntness ratios.

The dynamic stability coefficients, CMq + CMo'/’ due to both the pitching rate and the rate of
angle of attack are shown in Figures 4-1 and 4-2 as a function of bluntness ratio and the
center of rotation for ideal and real gas cases, respectively. It is seen that the effects are
smaller for vehicles with large bluntness ratios. For vehicles with small bluntness ratios,

the coefficients are almost the same in both ideal and real gas cases.

Figures 4-3 and 4-4 show the static stability coefficients as a function of bluntness ratio

and the center of rotation for both the ideal and the real gas cases, respectively.

Figures 4-5 and 4-6 show the variation of the normal force coefficient slope with respect to

bluntness ratio for both cases.

The normal force coefficients for both cases as a function of bluntness ratio and the location
of center of rotation are shown in ¥igures 4-7 and 4-8, The coefficient increases when

d .
RN/RB ecreases

The axial force coefficients at zero angle of attack for both cases are shown in Figures 4-9

and 4-10, respectively. It is as expected that the coefficients are higher for more blunted

configurations.



Figures 4~11 and 4-12 show the center of pressure location with respect to bluntness ratio.

The values of (1/Pt2) o P/d a)a , as a function of s/RN and the azimuthal angle ¢ for

=0
both cases are shown in Figures 4-13 and 4-14,

The shock shape and the body configurations are shown in Figures 4-15 and 4-16 for both

cases.

Finally, the pressure distributions for both cases are shown in Figures 4-17 and 4-18. The

pressures at the end of the small bluntness vehicles approach those of the pointed cone shape.

Numerical results in tabular form are given in Appendix A.

4-2

=
J




o 0
-0.1 ;;/
//

ot

~-0.2

\
\

AN

L— /
/ ?
e - 0.8 /// 7
+ L L~

—
B

P

\_ RN/RB= 1..00

\—RN/RB = 0,75

0.6

\
\

\_ RN/RB =.0.50

-
/
7
L

= 0.7

RN/RB =0,25

\_ny

Figure 4-1. Dynamic Stability Coefficient, Cyp + CM&, as a Function of Ry/Rp and Xog

W4 0.5

RF =0.0
0.6

for Ideal Gas Case

- 0.1 //;
- 0. ,//( /////
L
- 0. // /
& e
7o 2
/ / \\\\__BN/RB= 1,00
- \_R /R_=0.75
" / g \_RE/R2=0. 50
N\_r /R =0.25
Ry/Rp=0-
- 0.8 // N\ & /Ry =0
"o.7 0.1 (%] 0.3 5.4 5.5 0!6 (%] 0.3 0.9 1.0
x /L
eg .

Figure 4-2. Dynamic Stability Coefficient, CMq + CMo'z’

for Real Gas Case

as a Function of RN/RB and X,



0
-0.1
~0.2 RN/RB =1 é
R _/R_ =0.75
-0.3 //: v //
R /R, =0.5 // %
=]
= /
o o Ry /Ry =0.25 //?é/
"Ry /Ry =0 / /
-0.5 /é/
3 7%
0.8 g
. L~
-0,7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 . 0.9 1,0
x /L
cg
Figure 4-3. Static Stability Coefficient, CMa’ as a Function of RN/RB and Xog for
Ideal Gas Case
0
~-0.1
-0.2
RN/R =1.0
N e //7'44
5=
= = =]
3 - By/Ry =075 &
4 =

\k\\k\:\
\W¥
\\\\\\\

AN

=]

Figure 4-4. Static Stability Coefficient, CMa’ as a Function of RN/RB and Xog for

0.1 0.2 0.3 0.4 0.5 0.

xcg/L

6 0.7

e
<]

Real Gas Case

EARR 1

£
[T v—

o
?
i
s )




1.06

1.04 , e - \\\\\\
1.02 ]

1.00
0.98 \\
0.96 \\

0,82

- 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Ry/Rs

y Figure 4-5. Normal Force Coefficient Slope, CNa’ as a Function of RN/RB for Ideal
) Gas Case

1.04 |

1,02

1,00 e

0.98

0.96

0.94 ‘\\\‘

0,92

j&) 0.90 :

; \
- 0,86 \\
0.84
0.82

0,80
Z
0

0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0
] Ry/Rp
; Figure 4-6. Normal Force Coefficient Slope, CNa’ as a Function of RN/RB for Real
Gas Case



o.s\\
NN L R/R =10
S NS N A=
R /BB=0 25
~~—— "~ |/ e/rg=0
0.6 \\ l__ [ \
™~ \
o.s\\ \ VA k\\\
- ~
-?Z 0.4 \\ \\\\‘\\\
3 \
& 3 \\\ \\\\\\
\\
\k\
0.2 T
0 0,1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
xcg./L

Figure 4-7. Normal Force Coefficient, CNo'z + CNq, as a Function of RN/RB and Xog for

Ideal Gase Case

0.9
AN
T~ R /Rp=1.0
\\ RN/RB=0.75
S
\ Ry/Rp=0
[ .
\ \\
\ \
[ ‘\ \ ‘\
ozu 0.’\ \ \ \\\
+~a \ \
OZ \\ \ \
0.3
\
\\
0.2 E—
0.1
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x /L
°g

Figure 4-8. Normal Force Coefficient, Cy. + Cy , 28 a Function of RN/RB and x_ for
o q cg
Real Gas Case

4-6




1.20

1.15 /

—_ 1.10 =
<
1.05
1,00
‘B
0
« 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
RN/RB

Figure 4-9. Axial Force Coefficient at Zero Angle of Attack, (Cp) , as a Function of
a=0
RN/RB for Ideal Gase Case

1.20

1,15 ////,
)

1.05
1.%\
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
‘§ By/Bp

Figure 4-10. Axial Force Coefficient at Zero Angle of Attack , (C A)a , as a Function for

RN/RB for Real Gas Case =0



cD/d

/a

0.84

0.3

Figure 4-11. Ratio of Center of Pressure Location to Cone Base Diameter,
Function of RN/RB for Ideal Gas Case

/

0,20

__________———‘

L

0.2

0.3

0.9

Figure 4-12. Ratio of Center of Pressure Location to Cone Base Diameter, x cp/d, as a
Function of RN/RB for Real Gas Case

ch/d’ gs a

& B
K-

L




:\“FI‘I&?
i
g

1.6

1.4 ‘ /\ o

1.2 / ¢ = 60°

1.0

%5 /Ptz
T ——
/{;
\
™~
v
gO

0.8 /// ///
0.6 //\\ /
[ N
s b — /
0 1 2 K] 4 5 8 7
s/RN

Figure 4-13. The Value of (1/Pt2) (®dP/3 a)y = g» 38 a Function of s/RN and the

Azimuthal Angle ¢ for Ideal Gas Case

1.6

1.4

LR |
TN —

&

op
3/ P
=3
(-]
A=
]
=3
o

0.4

Figure 4-14. The Value of (1/Pts) (3 P/3 @)y = ¢, as a Function of s/RN and the

Azimuthal Angle ¢ for Real Gas Case



4-10

/

\\

05
/ sl g 2 3
- &S < <
i mﬂ m m
k3
\ €
2 z
= Ez ﬂz =
5 1.0 15
N
/DN

Figure 4-15. Bow Shock Wave Shape and Position for Ideal Gas Case

f ;
1. /
v

g e g g

- o < <
[ nm

@ @

£ g

& & o G

3 1% 13
x/D,

Figure 4-16. Bow Shock Wave Shape and Position for Real Gas Case

]

S

‘g



4
?

1.0
0.9 \
0.8
\/ SPHERE CONE
i

0.7

o
POINTED CONE
0.8

&
[N
\ 7.2 e —
. \\/’/
* 0.4
{
- 0 1.0 2.0 3.0 4.0
s/RN
j Figure 4-17. Cone Surface Pressure, (P/Ptz)’ as a Function of S/RN for Ideal Gas Case
1.0
0.9

\/ SPHERE CONE

dﬂm 1
& \ POINTED CONE
A 0.6
\ . _
0.5 \\///
0.4
0
0 7.0 2.0 3.0 7.0
i
; } s/RN

Figure 4-18. Cone Surface Pressure, (P/P; ), as a Function of s/R,. for Real Gas Case
. tz N

4-11/12



SECTION 5
CONCLUSIONS

For a 45 degree sphere-cone, the GE Flow Field computer programs have been utilized to

obtain the following numerical results:

Dynamic stability coefficient, CMq + CM&’ as a function of RN/RB and Xcg'
Static stability coefficient, CMa’ as a function of RN/ RB and Xcg'

Normal force coefficient slope, CNa’ as a function of RN/RB.

Normal force coefficient, CNq + CN&: as a function of RN/RB and Xcg

Axial force coefficient at zero angle of attack, (C A)a o 282 function of RN/ RB'
Ratio of center of pressure location to cone base diameter, ch/d’ as a function of
RN/ RB.

Bow shock wave shape and position.

(L/Py,) P, =1/Py, @ P/3@) _ , as a function of s/Ry for $= 0°, 30°, 60°, 90°,

where Ptz is model stagnation pressure, P is model surface pressure, ¢is
azimuthal angle and s is distance measured along model surface from forward point

on the axis of symmetry.

Cone surface pressure, (P/Ptz), as a function of s/RN.

For the real gas case, the shock layer flow downstream of the sonic line on the sphere is

everywhere supersonic, and no difficulty was encountered in the computations,

For the ideal gas case, there exists a subsonic layer near the conical part of the body

surface where the flow is otherwise generally supersonic. The approximation made in

Section 3 enabled the completion of the computation for this case. The effect of the

approximation is found to be significant for bodies of large bluntness ratios but is negligible

for bodies of small bluntness ratios.



|

The existence of a subsonic region is found to be a direct consequence of the combination of

the perfect gas assumption and the large cone angle in the study.
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APPENDIX A
NUMERICAL RESULTS IN TABULAR FORM



Table A-1. Normal Force Coefficient Slope, Cy o’ Static Stability Coefficient C M,» Normal
Force Coefficient, CN,, + Cn, and Dynamic Stability Coefficient Cy,, + CN Evaluated With
Respect to Different Center of Rotation, Xcg/ L, of a 45-Degree Cone iandeal Gas

(A) Ry/Ry =1

Xcg/L CNa CMO( CN& + CNq CM& + CMq

O «90172 -e54879 044979 ~e27568

E ol +90172 ~e52237 042337 ~e24721
o2 «90172 ~ 49595 «39696 ~e22028

) o3 «90172 ~ 0 46955 ¢ 37054 ~¢19490
o4 «90172 ~e44313 034413 ~e17107

j .5 «90172 0841671 «31772 -+14879
; 6 «90172 ~e39028 029130 -4 12805
Mé o7 ¢90172 ~¢36389 ¢ 26489 ~+10886
| 8 «90172 ~e33747 023847 -+09122
- 9 «90172 ~¢31104 «21206 ~e07512
g 10 $90172 ~e28464 013564 - e 06057

y
f



Table A-1. Normal Force Coefficient Slope, CN,,, Static Stability Coefficient CMO/’ Normal
Force Coefficient, Cng, + CNg and Dynamic Stability Coefficient Cpy/, + CNg Evaluated With
Respect to Different Center of Rotation, Xeg/L, of a 45-Degree Cone in Ideal Gas (Cont)

(B) R/Ry = 0.75

Xcg/L CNa, CMa Csz + CNq CM& + CMq
Oe 140756 ~e64041 e5694¢ -036853
ol 160756 ~¢60333 53240 ~e32811
02 160756 ~ 956628 049533 -e29024
o3 160756 ~e52919 043824 ~e25493
o4 140756 ~-e49214 42117 ~e22218
5 140756 - 045505 38411 ~-s19198
6 160756 ~e41797 34704 ~e16433
7 160756 ~¢ 38092 ¢30995 ~¢13925
8 160756 ~e34384 27288 ~e11671
- 10756 -e30676 23582 -e09673
140 160756 ~e26969 19875 ~e07931

Fipireviniesi o

¥
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g Table A-1. Normal Force Coefficient Slope, CNy, Static Stability Coefficient CMoz’ Normal
o Force Coefficient, Cng + CNg and Dynamic Stability Coefficient Cpg, + CNg Evaluated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Ideal Gas (Cont)

(C) RN/RB = 0.5

Xcg/L CN, CM,, CN;, + CNq Csz + CMq

) Oe 140583 ~ 56907 066518 ~e41413
: ol 140583 ~+53046 « 62660 ~e37053
o2 1,0583 ~649188 *58801 ~e32975

) o3 100583 -e45331 0549473 ~e29179
o4 140583 ~e41473 «51084 ~+25663

§ 5 1,0583 ~e37612 047225 ~e22430
\; o6 100583 -e33755 «43368 ~e19477
| o7 140583 -e29896 « 39508 -0 16806
| .8 140583 ~e26038 ¢ 35651 ~e18416
- 9 140583 ~e22179 ¢31791 ~e12308
f 10 140583 ~e18321 027934 -010480




Table A-1. Normal Force Coefficient Slope, CNgq- Static Stability Coefficient CMq» Normal
Force Coefficient, Cng + CNq and Dynamic Stability Coefficient Cmp + CNq Evaluated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Ideal Gas (Cont)

(D) Ry/Ry = 0.25

Xcg/L CNa CMO{ CNE){ + CNq CMEX + CMq
Oe 140246 - 062837 083972 ~e57291
ol 140246 -e58247 ¢ 76380 ~+51051 *
o2 100246 ~e53653 + 71788 -e45223
3 140246 ~e49058 «67193 ~¢39806
oa 1.0246 ~el4467 062601 ~¢34802
o5 1.0246 ~e39874 ¢ 58009 =e30208
o6 10246 -¢35281 53415 ~e26027
o7 1e0246 ~¢30689 «48823 ~-e22258
.8 160246 -626096 044231 ~+18900
.9 140246 ~e21503 ©33637 - ¢ 15953
10 140246 ~e16910 «35044 ~e13419 f%




Table A-1. Normal Force Coefficient Slope, Cy o’ Static Stability Coefficient Cy; , Normal
Force Coefficient, Cyg + CNg and Dynamic Stability Coefficient Cypp, + CNg Evalffated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Ideal Gas (Cont)

(E) Ry/Rp =0

- Xog/L CN,, Cpm,, CN&+CN(l CMé+CMq
Os 140048 ~+ 66989 086207 464651
’ ol 140048 -e61965 «81182 ~e57242
. o2 100048 -e56941 75158 ~+50336
+3 100048 ~e51917 e71134 ~e43932
o4 10048 - 46892 066110 ~¢38031
o5 160048 ~e41868 «6108¢ ~¢32632
o6 140048 -¢36844 «56061 ~e27736
o7 10048 ~e31820 ¢5103g ~e23342
o8 160048 -e26796 046013 -e19450
o9 10048 ~e21771 «40989 ~e16061
ﬁ 140 160048 -416746 ¢ 35965 ~e13174




Table A-2. Axial Force Coefficient and the Location of Center of Pressure

of a 45-Degree Cone in Ideal Gas

RN/RB (CA) a=0 ch/d
1600450 1el1944 +31671
+ 89614 11525 + 29386
. 79769 l1e1278 e 26428
069835 1el1112 223546
¢ 60032 10999 20763
¢ 49895 10913 e 18806
039793 10853 ¢17513
« 29988 160816 e16719
024853 10804 ¢ 16501
Oe 108060 e 16667
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Table A-3. The Value of-—P/ Ptz at Dimensionless Distance Measured Along Body Surface

o)
From Forward Pointon Axis of Symmetry of a 45-Degree Cone in Ideal Gas

oP
8/Ryg 5o /Pty [1/RAD]
¢ = 0 $ = 30 9 = 60 ¢ = 90

«84580 1413409 .98216 e56705 e
. 1,05213 1436425 1e18148 .68213 O
1.21168 1450754 1430557 « 75377 e
. 16441140 1428389 1411189 «64195 Oe
1.62961 1.28664 1411427 v64332 O
1484901 1416637 1401011 ¢58319 Oe
2409930 1410039 «95297 «55020 O
2432789 1411869 +96882 «55935 O
2467725 1412175 97147 ¢56088 O
2496968 1012749 «97644 056375 0
} 3428417 1.12128 «97106 +56064 Oe
< 3481337 1410086 95338 e55043 Oe
! 4417880 109835 095120 54918 Oe
- 4064832 1.09952 095222 054976 0o
5041086 1.09874 095154 054937 O




Table A-4. Cone Surface Pressure of a 45-Degree Cone in Ideal Gas

/Ry P/Pt,

Qe 10
«45000 ¢ 76198
¢54000 57557
262832 059702
¢ 71600 051453
¢ 84580 o 47791

1405213 + 50882

121168 52514

l1e41140 55675

1062961 ¢57013

184901 5706

209930 57932

2032789 «5SB033

2067725 58147

2436968 58281

3.28417 58347

3681337 ¢ 58306

4417880 58322

4064832 $58343

5441086 58427
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§
{
H
Ed



z Table A-5. Normal Force Coefficient Slope, CN,, Static Stability Coefficient CMgy> Normal
% Force Coefficient, CNg; + CN and Dynamic Stability Coefficient CMg, + CNq Evaluated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Real Gas

(4) Ry/Rp =1

Xog/ L CNg, Cn,, Ony *Ong | Myt CMg
Oe e81733 ~e50204 ¢42008 -e25981
’ ol «81733 ~e47811 «39614 ~e23350
. 2 «81733 ~e85417 «37219 ~e20860
o3 ¢81733 ~e43021 «34825 -e18509
o4 *81733 -e40628 ¢32431 - 16299
o5 «81733 -¢38235 ¢30037 -6 14230
0 6 «81733 ~¢35838 « 27642 ~-e12300
. o7 «81733 ~e33445 025248 ~e10511
} o8 «81733 -e31052 022854 ~-e08862
o - «81733 - 28657 ¢20459 ~e07353
wé 140 «81733 -e26262 ¢ 1806¢ ~¢05985
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Table A-5. Normal Force Coefficient Slope, Cp,,, Static Stability Coefficient CMgy> Normal
Force Coefficient, CNg, + CN,, and Dynamic Stability Coefficient CMg * CNq Evaluated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Real Gas (Cont)

== =
(B) Ry/Ry = 0.75

Xog/T CNe CMg, ONy *ONg | Omp * OMg

Oe «97208 —e57917 ¢59101 ~e38822
.l «97208 - 054567 055750 ~e34904 "
o2 «97208 —~e51216 ¢52400 ~e31217 ’
o3 097208 ~e 47866 « 49050 ~e27761
oh 097208 e 44516 045700 ~ 024537
5 «97208 ~ed1166 042350 ~e21543
o6 «97208 ~e37816 . 38998 ~+18780
.7 097208 ~e34465 e 33648 ~e16248
o8 «97208 -e31115 32298 ~e13947 -
9 «97208 27764 28948 ~e11877 -
10 «97208 ~e24414 .2559g ~¢10038 nE
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Table A-5. Normal Force Coefficient Slope, CNg, Static Stability Coefficient Cpp,, Normal
Force Coefficient, CN,, + CNq and Dynamic Stability Coefficient Cngy + CNq Evaluated With
Respect to Different Center of Rotation, xcg/L, of a 45-Degree Cone in Real Gas (Cont)

3
|
L

(C) RN/RB = 0.5
Xog/L CN,, Cu,, CNy *ONg | Oy *Cmg

Oe 096617 -¢52389 *65950 ~e41563

ol 096617 ~¢ 48867 663428 -¢37338

o2 096617 -e 45345 059904 -¢33370

«3 096617 ~e41820 #56382 ~ 429659

. A 096617 ~38298 052860 ~e26205
“E o5 096617 ~¢34776 «4933¢ ~¢23008
] o6 *96617 ~e31253 e43814 ~e20068
’ .7 «96617 ~e27731 042290 ~e17386
;E o8 «96617 ~e24208 +38768 —¢14960
3 o9 096617 -~ 20685 e 35246 -s12791
. 140 096617 ~e17162 031722 ~e10879
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Table A-5. Normal Force Coefficient Slope, CNg» Static Stability Coefficient CM¢. Normal
Force Coefficient, CNp, + CNg and Dynamic Stability Coefficient Cpjy, + Cny Evaluated With
Respect to Different Center of Rotation, x¢g/L, of a 45-Degree Cone in Real Gas (Cont)

Xeg/L CN,, Cym,, CNg, * Cng Cmp + Cm,
Oe 008722 | =e61142 «81476 ~e57661
o1 .o8722 ~e56718 « 77054 ~e51465 ’
.2 98722 —e52204 ¢ 72630 ~e45666 )
o3 .98722 ~e 47870 « 63208 ~e40263
el *98722 ~e43444 e6378¢ ~ 035257
o5 .98722 ~439019 ¢59367 ~¢30648
.6 «98722 ~e34594 ¢54940 ~e26435
.7 98722 ~¢30170 «57516 ~e22619
.8 98722 ~e25745 e 46095 ~+19200 ‘E
9 c08722 ~e21319 41671 ~e16177 Mi
140 .o8722 ~e 16894 «37240 ~e13552 3
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Table A-5. Normal Force Coefficient Slope, Cy,,,

Static Stability Coefficient Cpj,,, Normal
Force Coefficient, CNg, + CN and Dynamic Stabmty Coefficient CMg + CN Evaluated With
Respect to Different Center of Rotation, Xcg/L of a 45~-Degree Cone in Real Gas (Cont)

(E) RN/RB =0
Xcg/L CNa CMa CN-a + CNq CM& + CMq
Ue 1e¢00483 ~ e H6IBD «e 87332 ~ 0655499
ol 1600483 - 051965 032501 - «58000
Ty 1e0L483 ~e56941 0 77495 -~ e51000
LYe) 1600483 ~e51916 e 72450 -~ 844500
o4 1600483 -~ 46892 e 67495 - 658600
5 1e¢00483 ~e41868 62249 - 033100
o5 1000483 ~ 036844 e 357500 - 828100
Y, 1e00483 ~-e31820 52250 - e 23650
5 100483 - 026795 647495 - ¢ 19700
9 100483 —~e21771 ¢4 29500 ~ o 16300
ieuU 100483 ~el6747 e 37500 ~e13350
AN

A-13



A-14

Table A-6, Axial Force Coefficient and the Location of Center of Pressure
of a 45-Degree Cone in Real Gas

RN/RB (CA) a =0 ch/d
1402240 lel721 e 32611
«92046 1lel1395 030642
279132 1¢1138 226438
«e 71697 11031 ¢ 24004
¢ 60606 10878 ¢ 20772
050756 10755 ¢ 19380
38231 10659 + 18255
0 36466 10648 * 18065
« 24852 160601 017107
Os 140600 e 16667

o
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ceid

3P
5o /Pty L1/RAD. ]

S/RN o =0 ¢ = 30 ¢ = 60 ¢ = 90

84754 « 44097 38189 «22049 Oe
105768 1.24856 108129 062428 Oe
1419184 1446330 1426726 ¢73165 Oe
1637372 1638276 1419751 69138 Oe
1662956 1607848 «93400 53924 Qe
1679822 °«93389 «80878 0 46695 Oe
2603122 100867 87354 «50434 Oe
2438138 1405712 91550 52856 Oe
2462468 1647926 1428108 ¢ 73963 Oe
2095778 106972 092641 053486 Os
344030 105801 91627 52901 " Oe
3679104 1404182 090225 052091 Oe
4425914 104809 +90768 ¢52405 Oe
4491166 104564 090556 52282 Oe
5448130 1604575 90565 052288 Oe

Table A-7. The Value of g—z /Pto at Dimensionless Distance Measured Along Body Surface
from Forward Point on Axis of Symmetry of a 45-Degree Cone in Real Gas
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Table A-8. Cone Surface Pressure of a 45-Degree Cone in Real Gas

S/RN. P/Pt2

Oe 10

¢ 45400 * 77042

54000 « 68482

562832 059727
71600 e51750
« 84754 ¢ 45068
105768 « 48897
1e19184 .50957
1637372 +54084
1062956 55171
1679822 +55135
203122 e54753
238138 54776
2062468 ¢54852
2095778 ¢ 55054
3044030 55203
379104 55195
4025914 55217
4691166 e 55272
548130 ¢ 55246
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